ABSTRACT: A short account is given of the life and work of Andrej Vladimirovich Kiselev (1908Kiselev ( -1984. Kiselev was born and educated in Moscow, Russia. He was appointed assistant professor in the M.V. Lomonosov Moscow State University in 1943 and became professor of physical chemistry in 1951. Thereafter, he directed the work of two large groups of research scientists, in laboratories of the M.V. Lomonosov Moscow State University and the Institute of Physical Chemistry of the USSR Academy of Sciences. Kiselev's prodigious research output, over a period of about 30 years, was of great international importance and included theoretical and experimental studies on the specificity of physical adsorption, chromatography and the surface properties of carbons, oxides and zeolites.
INTRODUCTION
The industrial development of new adsorbents and catalysts in the mid-twentieth century was closely associated with a renewed academic interest in adsorption science. The strong demand for fundamental research on adsorption by porous and non-porous solids attracted the attention of a number of well-known scientists (Sing 2014 (Sing , 2015 . Andrej Vladimirovich Kiselev was in the forefront of this distinguished group.
I had the good fortune to meet Professor Kiselev in 1957 when he first came to London from Moscow to attend the Second International Congress of Surface Activity and was given the opportunity to present three major papers on gas-solid adsorption systems (Kiselev 1957) . By invitation, he returned to the UK the following year to participate in the Bristol Colston Symposium on porous materials, where he gave an outstanding lecture (Kiselev 1958 ) and also contributed a number of pertinent comments. Kiselev received many other invitations to deliver keynote papers and lectures in various British universities and industrial research centres. We were privileged to welcome him to Brunel University on several occasions in the 1960s and he turned out to be a warm-hearted and jovial house guest.
For reasons, which were not known at the time, it became increasingly difficult for Kiselev to travel abroad. Although he had warmly accepted our invitation to present the opening plenary lecture (Kiselev 1972) at the Faraday Discussion on the 'Surface Chemistry of Oxides' in 1971 , at the last moment we were notified that he was unable to attend. However, I did have an inkling of his problems, which he mentioned in some of our private conversations in the UK and during my visits to Moscow in 1965 and 1969. Thereafter, although we kept in fairly close touch, it was not possible to meet again and sadly, Kiselev died in 1984. A Kiselev Memorial Symposium, organized by the American Chemical Society, was held in Atlanta, Georgia in 1986 (Sing 1987 . Another memorial meeting took place in Moscow in 1988; this International Symposium on Surface Chemistry, Adsorption and Chromatography was organized by the Russian Academy of Sciences and was sponsored by the IUPAC. Both meetings were well attended and provided the opportunity for Kiselev's work to be reviewed and many tributes to be paid.
As with my two previous papers on Pioneers of Adsorption Science (Sing 2014 (Sing , 2015 , this is a personal recollection of the life and work of a great scientist. Kiselev's many achievements were wide ranging, but the present short appraisal of his work is mainly concerned with the English papers and reviews he published between 1957 and 1979. A representative selection of these publications is given here along with a few of Kiselev's earlier Russian research papers; other early references can be found in the reviews by Eltekov (1989) , Shcherbakova and Yashin (1989) and the monograph by Young and Crowell (1962) . I am extremely grateful to Sergej Andrejevich Kiselev for providing much of the background information about his father and the Kiselev family and also to Yuri Eltekov for his long-standing help, hospitality and friendship.
EDUCATION AND CAREER
In his boyhood, Andrej's first ambition was to become an architect and this strong interest in architecture remained all his life. However, he wisely turned to chemistry as his chosen career. He graduated from the Chemistry Department of the Technical High School of Moscow, where he had studied under Professor Schilov, and then joined the staff of the Textile University of Moscow. In 1931, Kiselev moved to the Chemistry Department of the M.V. Lomonosov State University, Moscow. He was made assistant professor in 1943 and finally became professor of physical chemistry in 1951.
Although Kiselev was not required to join the Red Army during World War II, he had to undertake duties as an air-raid warden. This entailed dealing with incendiary bombs on the roofs of Moscow and "for his valorous work" he received a medal from Stalin. Life was still very difficult in the post-war years, but it was nevertheless a time of great building activity in the Soviet Union and Kiselev was appointed chairman of one of the main scientific commissions responsible for planning the new university buildings in 1949-1953. Kiselev's first adsorption laboratory was established in Moscow University soon after the war and he then began to bring together an impressive group of clever co-workers (Belyakova, Dzhigit, Eltekov, Isirikyan, Muttik, Shcherbakova and others) . In 1960, the university laboratory was expanded and renamed as the "Moscow Laboratory of Adsorption and Chromatography," which quickly gained an outstanding international status. Kiselev's long association with the Institute of Physical Chemistry of the USSR Academy of Sciences, which had begun in 1946, was also strengthened in 1960 with the formation of the Academy Laboratory of Surface Chemistry. From that date on the two groups of research scientists worked closely together under Kiselev's inspired leadership. Long-standing and fruitful links were also established with other research groups in the Soviet Union and abroad. Of particular importance was the supply of synthetic zeolites by Professor S.P. Zhdanov and his colleagues in Leningrad.
THE KISELEV FAMILY
Kiselev's parents were both well educated: his father was a mining surveyor and his mother was a school teacher. Andrej Vladimirovich was born in 1908, 3 years after his brother, Sergej and before the birth of Vera, his sister, which followed in 1915. In these early years of the twentieth century, life in Moscow was probably not too bad for professional people, but everything changed in 1917. Fortunately, the Kiselev family survived the October Revolution, although for many years they suffered considerable hardship. The three children were clever and studious. Sergej became a well-known archaeologist in Moscow State University and was elected the Corresponding Member of the Academy of Sciences. He was particularly famous for his expeditions in Siberia and Mongolia. Vera was also a scientist with a successful career in the Institute of Organic Chemistry of the Academy of Sciences.
Kiselev's wife, Tatjana Sergejevna, was an assistant in the Department of Organic Chemistry of Moscow University of Chemical Technology. She was born in 1911 and came from a rich noble family and was therefore regarded as the daughter of 'an enemy of the people'. Her father was periodically imprisoned and was finally executed. The fact that Kiselev never became a member of the Communist party did not help to relieve the family problems and for a time the parents and two children were obliged to live in a very small apartment (about 13 m 2 ). Kiselev's son, Segej Andrejevich, also studied chemistry at Moscow University and specialized in molecular spectroscopy. While completing his diploma thesis, he worked briefly with his father on the hydrogen bonding of adsorbed molecules on silica (Curthoys et al. 1974) and then spent 15 years in the Institute of Physical Chemistry, where he used infrared spectroscopy to study the chemisorption of carbon monoxide on polymer-supported noble metals. He is now a senior commercial executive with responsibility for the distribution of PerkinElmer analytical equipment in Russia.
ADSORPTIVE PROPERTIES OF POROUS SOLIDS: EARLY WORK
In the 1930s, immersion calorimetry was widely used for the characterization of activated carbons and silica gels. At that time, the thermodynamic quantities were not rigorously controlled, but it was known that the 'heat of wetting'-as it was then called-was closely related to the 'integral heat of adsorption' and indirectly related to the 'specific surface area of the adsorbent'. It is not surprising that Kiselev's first published research on surface chemistry involved the measurement of heats of wetting. This was undertaken with Professor B.V. Iliin in the Department of Physical Chemistry of the Moscow Technical Institute. They used an adiabatic calorimeter to determine the heats of wetting of a steam-activated wood charcoal with a wide range of organic liquids (Iliin and Kiselev 1934) . Later, an improved adiabatic calorimeter was developed and the measurements were extended to include the heats of wetting of silica gel in water and other liquids at various temperatures (Iliin and Kiselev 1939) . These and other results were then discussed in relation to the hydrophilic-hydrophobic properties of the adsorbents (Kiselev 1940 (Kiselev , 1945 .
Soon after World War II, Kiselev and his co-workers began their extensive studies of the adsorptive properties of porous and non-porous materials, which involved the development of new experimental techniques (Isirikyan et al. 1957) . In the early post-war years, the interpretation of physical adsorption (physisorption) data was a formidable problem. It was still customary to apply the Langmuir theory of monomolecular (monolayer) adsorption and assume also that capillary condensation was solely responsible for pore filling. However, many years earlier, Langmuir had pointed out that monolayer adsorption cannot take place in pores of molecular dimensions, and McBain (1932) and others (Brunauer 1944) had argued that capillary condensation cannot account for a large uptake of gas by some porous materials (e.g. some activated carbons and silica gels) at very low relative pressures. At that time, therefore, there was no adequate explanation for pore filling in the low pressure range of an adsorption isotherm.
Progress was made by the Russian scientists M.M. Dubinin and L.V. Radushkevich in 1947 (Dubinin 1955) . By extending Polanyi's original potential theory of adsorption, Dubinin developed the idea of 'volume filling' the very narrow pores (micropores) in activated carbons. At first, there was a good deal of speculation in the West about the general applicability of this hypothesis because there was little sound experimental evidence to support it. Work reported by Kiselev and Eltekov (1957) probably provided the first unambiguous experimental evidence that there are two quite different physisorption mechanisms of pore filling. For this purpose, the adsorption isotherms of n-pentane were determined on samples of quartz, glass beads and silica gels. The reversible isotherms on non-porous quartz and glass beads had the characteristic sigmoid shape associated with monolayer-multilayer adsorption and in a reduced form were almost identical: thus, providing a 'standard' monolayer-multilayer isotherm for n-pentane on silica. A reduced pentane isotherm for a silica gel with relatively wide pores (mesopores) followed this standard isotherm until capillary condensation brought about enhanced adsorption with the appearance of a hysteresis loop. In the case of a silica gel with very narrow pores (micropores), the path of n-pentane isotherm was entirely different over the complete range of relative pressure: superficially, it had the classical 'Langmuir' shape-a very steep initial uptake, followed by a long plateau (Gregg and Sing 1982) . The enhanced adsorption at low p/p 0 was thought by Kiselev (1958) to be due to the overlap of the adsorption forces in very narrow pores (micropores) and this interpretation is now generally accepted.
At an early stage, Kiselev also developed the principles of capillary condensation by corpuscular pore structures, which he applied to the physisorption of vapours by a series of silica gels (Kiselev 1957 (Kiselev , 1958 . With the aid of electron microscopy and small-angle X-ray scattering, Kiselev was able to interpret the adsorption isotherm data in relation to the packing of the small inherent globular particles in silica xerogels and thereby characterize their different textural properties.
PHYSISORPTION OF GASES BY NON-POROUS CARBON
In 1938 and 1940, Brunauer and his co-workers published two important theoretical papers on gas adsorption (Brunauer 1944) , in which an extension of the Langmuir monolayer model to multimolecular (multilayer) adsorption was proposed (Sing 2014). The publication of these papers stimulated much discussion, but further progress was impeded by the heterogeneous nature of most adsorbents then available. Fortunately, it was found that the basal plane of graphitized carbon provided the required degree of surface homogeneity.
Graphitized carbon blacks were first used as research materials by American scientists soon after World War II (Beebe et al. 1947) . On graphitization, the small spheroidal particles of carbon black become polyhedral with a graphene-like surface structure. Kiselev quickly saw that the graphitized blacks had great potential value as non-porous reference adsorbents. Their surface homogeneity was confirmed by adsorption calorimetry and clear evidence was obtained for strong adsorbate-adsorbate interaction of n-alkanes at high monolayer coverage (Kiselev 1957) . Benzene, by contrast, did not exhibit the same adsorbate-adsorbate interaction. In the case of water vapour, the extremely low uptake was consistent with very weak adsorbate-adsorbent interactions .
These experimental findings prompted Kiselev to introduce a set of new equations based on a quasi-chemical model of adsorbate-adsorbent and adsorbate-adsorbate complexes (Kiselev 1958) . This model of localized adsorption on a homogeneous surface gave an isotherm equation for monolayer adsorption. This contained two equilibrium constants, which were exponentially related to the corresponding interaction energies. The equation was found to fit experimental data for certain vapours adsorbed on graphitized carbon blacks over wide ranges of temperature and monolayer coverage of the homogeneous carbon surface (Kiselev 1958) . However, with some systems, a non-localized form of equation (e.g. the Hill-de Boer equation) provided better agreement with the experimental data at higher temperatures (Avgul and Kiselev 1970) .
A little later, in three important papers, Isirikyan and Kiselev (1961, 1962) reported the adsorption isotherms of nitrogen, benzene and n-hexane on different samples of graphitized thermal blacks together with the corresponding differential heats of adsorption for the two organic vapours. Over a very wide range of relative pressure, it was possible to reduce the isotherm to a common path for each vapour and hence obtain the 'absolute' adsorption isotherm. The calorimetric measurements revealed that the molecules of benzene adopt a flat localized orientation on the graphite basal plane, whereas the n-hexane molecules exhibit strong lateral interactions.
To minimize the adsorbate-adsorbate contribution to the adsorption energy, it was necessary to obtain the adsorption data at very low surface coverage (i.e. in the Henry's law linear region of the adsorption isotherm). Using gas-adsorption chromatography, Kiselev and his co-workers were able to overcome the difficulties normally encountered with adsorptives of low volatility (Shcherbakova and Yashin 1989). Thus, from the chromatographic retention volumes determined at different temperatures, the differential heats of adsorption could be evaluated at effectively zero coverage (Kiselev 1967) . In this manner, it was possible to carry out a systematic investigation of the energetics of adsorption of a wide range of organic compounds of different structures and polarities. On the graphitized surface, the non-specific nature of all the gas-solid interactions was confirmed together with the linear dependence of the adsorption energy on the number of carbon atoms in the molecule for the given homologous series. In addition, a new technique termed 'chromatoscopy' was developed for determining the structural parameters of molecules of different sizes and shapes .
The statistical theory of the adsorption in the Henry's law region developed by Kiselev and Poshkus (Poshkus 1965) was essentially an extension of the approach introduced by Hill and also adopted by Steele and Everett (see Gregg and Sing, 1982) . In the application of Boltzmann's distribution law it was assumed that the potential energy of the adsorption system was solely dependent on the adsorbate-adsorbent interactions. By making semi-empirical adjustments, Kiselev and his co-workers were able to obtain excellent agreement between the calculated and experimental values of the Henry's law constants over a wide range of temperatures (Avgul and Kiselev 1970).
THE SURFACE CHEMISTRY OF SILICA
During the 1960s, Kiselev and his co-workers conducted a series of investigations of the surface chemistry of silica and the changes produced by modifying its surface structure. Many years earlier it had been found (Kiselev 1936 ) that a completely hydrated surface of silica gel is preserved if it is dried at temperatures no higher than 150 C. By applying the method of deuterium exchange, Zhuravlev and found that the concentration of surface hydroxyl groups on a wide range of amorphous silicas (approximately 8 mol OH/m 2 ) was almost independent of the surface area. When the silica surface was dehydroxylated by heat treatment at temperatures above 1000 C, the adsorptive properties were drastically changed (Kiselev 1957 (Kiselev , 1958 . These changes were attributed to a difference in the specific nature of the adsorbate-adsorbent interactions .
By the early 1940s, it was already known that some molecular interactions are more specific than others (Brunauer 1944) . It was left to Kiselev ( , 1967 , however, to define more precisely the terms 'specific' and 'non-specific' and to classify the behaviour of different physisorption systems. Kiselev adopted the customary practice of taking the overall adsorption energy as the sum of the pairwise interaction energy contributions (Young and Crowell 1962) . The attractive dispersion and short-range repulsion forces were regarded as the non-specific terms, whereas the electrostatic and any other interactions were the specific contributions.
In contrast to the behaviour of n-hexane, benzene was found to undergo specific interactions with the fully hydroxylated silica surface; however, after removal of the hydroxyl groups at high temperature, the specificity was lost . On further investigation (Kiselev 1967 (Kiselev , 1968 , various specific adsorbate-adsorbent interactions were identified when different polar molecules were adsorbed on the hydroxylated silica surface. The specificity was removed and the non-specific interactions weakened when the hydroxyl groups were replaced by the alkoxy or alkylsilyl groups. The lower-energy surface also developed a more hydrophobic character.
In the early 1970s, a chance discovery led to a fresh approach to the surface chemistry of silica. It was found that some grades of non-porous silica Aerosil-previous thought to be purecontained small amounts of aluminium (Ash et al. 1971 ) and this had a marked effect on the surface properties of the dehydrated material. Thus, infrared spectroscopic examination revealed that strong acid sites were produced by heat treatment at temperatures of approximately 1000 C. To avoid this problem, new samples of pure silica were subjected to hydrothermal annealing (Curthoys et al. 1974) . The high-energy sites were now removed and the overall non-specific interactions were appreciably weakened. Thus, with a range of non-polar molecules, the differential heats of adsorption remained almost constant over a wide range of coverage. For the first time, it was shown that it was possible to prepare an almost homogeneous surface of dehydroxylated silica.
ADSORPTION BY MOLECULAR SIEVE ZEOLITES
In the 1960s, many surface chemists became interested in the variety of new crystalline zeolites. This is not surprising in view of their unique molecular sieve and catalytic properties. In his approach, Kiselev decided to adopt the methodology he had already developed for studying the surface properties of carbons and silicas. But first, it was necessary to obtain a range of highquality samples. Some of these materials were provided and characterized by Professor Sergey Petrovich Zhdanov of the Leningrad Institute of Silicate Chemistry. Zhdanov was already wellknown as one of the world's leading experts in zeolite synthesis.
As expected, Kiselev and his co-workers found that the molecular interactions were highly dependent on the zeolite structures, the exchangeable cations and the size and polarity of the adsorbate molecules (Kiselev , 1967 . Generally, the high adsorption affinity exhibited by zeolites makes it difficult to obtain reliable equilibrium data in the Henry's law region of the isotherm. This problem was largely overcome by the application of gas chromatography. At first, it seemed that isotherm curvature inevitably produced some asymmetry in the chromatographic elution peaks, but this was minimized by working at elevated temperatures and using very sensitive detectors (Kiselev 1967) . However, strong adsorption in narrow zeolite channels was found to be slow, which caused appreciable broadening of the peaks of larger n-alkane molecules in NaX zeolite crystals. The effect was even more pronounced in the narrow channels of NaA zeolite, but there appeared to be a more effective separation of some molecules on the outer crystal surface.
Finally, Kiselev and Poshkus attempted to extend their molecular statistical theory of adsorption on homogeneous carbon (Kiselev and Poshkus 1976) to adsorption by zeolites (Kiselev and Poshkus 1978; Kiselev 1979) . In addition to the difficulty of experimentally determining the Henry's law constant, k H , they now had to take account of a variety of specific and non-specific adsorbate-adsorbent interactions within the zeolite channels and cavities and with the exchangeable cations. To obtain agreement between the experimental and computed values of k H it was necessary to introduce an empirical scaling factor. In any retrospective appraisal of this work, it must be remembered that computational facilities were still rudimentary in the 1970s. We can be sure that Kiselev would have quickly taken advantage of computer modelling and molecular simulation had he lived to see these developments in the 1990s.
ADSORPTION AT THE LIQUID-SOLID INTERFACE
The many applications of adsorption at the liquid-solid interface include water treatment, pollution control, liquid chromatography and the refining of precious metals. Fundamental investigations of liquid/solid interfacial systems are therefore of great importance, although the experimental data are often difficult to interpret. With the aid of their well-characterized adsorbents, considerable progress was made by Kiselev and his co-workers in the 1960s. Much of this work was undertaken by Eltekov and his colleagues in the Institute of Physical Chemistry labs (Eltekov 1970 (Eltekov , 1989 .
First, the adsorption from certain binary liquid mixtures was investigated in the context of surface area determination (Eltekov 1970) . Component molecules of similar size but of different polarity were chosen to study the dependency of the adsorption of one component on its mole fraction. For example, in the case of benzene/n-hexane mixtures, it was shown that the benzene isotherm could be evaluated and analyzed to provide a reasonable estimate of the surface area of a macroporous silica gel. Other studies included the adsorption of morpholine and dioxane from cyclohexane on NaX zeolite crystals.
In the more traditional approach, a dilute solution is brought into contact with the solid adsorbent and the decrease in concentration of the solute is recorded. The method was used by Eltekov and Kiselev for studying the adsorption of polymers (Eltekov 1989) . The technique involved the determination of the apparent adsorption isotherms for various molecular weight fractions of polystyrene and other macromolecules in various solvents. The accessible surface areas of silica gels of different pore sizes were determined by polystyrene adsorption. Quite good agreement with BET nitrogen areas were obtained if the pores were wide enough to accommodate the macromolecules (pore diameters > approximately 40 nm); otherwise, the adsorption was diffusion controlled and the isotherm plateau was not attained (Eltekov 1970) . There was also strong evidence for the occurrence of conformational changes in the adsorption of polymers from dilute solutions. The macromolecules of polystyrene and other polymers were shown to adopt a coiled form in certain organic solutions, but monolayer chains appeared to be opened on the surface of carbon or silica. In addition, ellipsometric measurements revealed that some polymers can form adsorbed multilayers (Eltekov 1989) .
It was probably inevitable that Kiselev would finally become interested in liquid-adsorption chromatography. With Yashin and others, he investigated the separation of biopolymers and other macromolecules by liquid chromatography (Shcherbakova and Yashin 1989). Of particular importance was the use of modified surfaces to weaken the polymer-adsorbent interaction and hence improve the chromatographic efficiency of macroporous silica columns.
EPILOGUE
Kiselev's literary output was prodigious: he and his co-workers produced over 900 research papers and reviews and eight books-for the most part in the space of 30 years! It is true that there was a certain amount of overlap of material; but each publication contained some important new information or ideas, which added to our understanding of the nature of physisorption or the surface properties of solids. It must be said that Kiselev was fortunate in the loyal support he received from his senior co-workers (e.g. Avgul, Belyakova, Eltekov, Isirikyan, Karnaukhov, Poshkus, Shcherbakova, Yashin) and from his students and assistants. Scientific research was highly regarded by the old Soviet regime, which resulted in the provision of good equipmentapart from the primitive computer hardware-and also an invaluable continuity of expertise. However, all this would have been of little value without the strong guidance provided by Kiselev himself and this was all the more remarkable in view of ongoing problems of poor heath and political hostility.
This brings me to the uneasy relationship between Kiselev and Dubinin and in this respect I must declare a partisan viewpoint. Although I came to know Mikhail Mikhailovich Dubinin quite well, I found his personality to be somewhat enigmatic. As a full Academician, he was a powerful figure in the Soviet Union and his status was superior to that of Kiselev; but overall, his scientific work was not as highly regarded as that of Kiselev in the West. It is true that in the 1940s Dubinin had put forward the first general ideas on micropore filling, but subsequently his work was somewhat pedestrian. In public, the disagreement between these two eminent Russian scientists was constrained, but in closed meetings it was apparently often heated with political overtones. I know that Kiselev was quite worried by this situation and I believe that Dubinin was to some extent responsible for the imposition of the travel restrictions on Kiselev in the 1970s.
In this short review it has been possible to mention only a few of Kiselev's many scientific achievements and this is hardly likely to convey an adequate impression of the monumental quality of his work. Looking back over a period of some 50 years, we can now admire the work of a master craftsman and it is tempting to compare Kiselev's approach to scientific research with that of a great architect setting out to design a great palace or cathedral. In this respect, I am reminded of his strong interest in ecclesiastical buildings and ancient monuments. Visitors to his home in Moscow will recall his fine collection of old furniture, porcelain and clocks. Those who were fortunate enough to know Andrej Vladimirovich Kiselev will also remember a modest and friendly man with a strong sense of humour and old-world courtesy. 
